The tomato is susceptible to pest attacks that can lead to damages throughout the crop cycle. Pest control is carried out, mainly, by insecticide and chemical acaricide spraying. However, the use of chemical pest control can cause severe damage to the environment, biological imbalances and deleterious effects on farmers and consumer health, as well as increased production costs. An interesting alternative to minimizing the problems arising from the agrochemical application and maintaining pest populations below the economic damage level is the development of tomato plants displaying resistance to insect and arachnid pests. In this context, the main purpose of this chapter is to provide a review of the techniques applied in this regard, major progresses to date and future prospects for tomato pest-resistance breeding. This chapter is divided into five sections: (1) wild pestresistant tomato species, (2) allelochemicals that confer pest resistance, (3) techniques used for the introgression of pest resistance genes (4) overview, challenges and prospects for pest-resistant tomato breeding and (5) final considerations.
Introduction
Tomato breeding, from the characterization of wild accessions to the development and release of new technologies, has contributed considerably to increases in tomato productivity. It is possible that tomatoes cultivation for fresh consumption and processing will become even more competitive in the next years. Therefore, investments are required for the development In order to minimize chemical control problems and maintain pest populations below the level of economic damage, alternative control tactics have been sought for joint use in integrated pest management. Among these, insect and arachnid plant resistance developed by breeding programs is considered ideal, due to relatively low costs, allowing pests to be maintained below the level of economic damage and in balance with their natural enemies. In addition, this technique does not pollute the environment and, above all, does not endanger human health [8] [9] [10] .
Although cultivated tomato species show great morphological diversity, they present a narrow genetic base due to their domestication having occurred outside South America, which is their center of origin. Therefore, the genetic diversity present in wild tomato species has been explored for the crop breeding. Although these species do not present commercial value due to unfavorable characteristics, such as small and usually pubescent fruits, they display pestresistant characteristics [11] [12] [13] [14] .
Pest-resistant wild tomato species
In addition to the cerasiform variety, the cultivated tomato Solanum lycopersicum L. comprises several wild species, with which it has greater or less interspecific cross-compatibility (Table 1 ) [11, 15] . These species are native to regions located along the western South America coast, encompassing mainly the Andes in Ecuador, Peru and northern Chile, as well as the Galapagos Islands. Thus, these are species that have developed in a variety of habitats, from S. cheesmaniae and S. chmielewskii [12] [13] [14] [28] [29] [30] [31] [32] [33] . Research has demonstrated the efficiency of these species in the transmission of genes that express certain desirable characteristics, such as the production of glandular trichomes that, in most cases, exude chemical compounds, called allelochemicals [14, 34] .
Allelochemicals
Allelochemicals are natural chemicals mainly present in higher plants that act as nutritional, antinutritional, herbal, medicinal and pest-and disease-resistance factors. The chemical substances responsible for plant resistance to pest insects and arachnids can be classified into three categories: substances that act on pest behavior (glycosides, alkaloids, terpenes, phenols and essential oils); those that act on pest metabolism, such as secondary metabolites (including some alkaloids and quinones, among others); and antimetabolites, which make essential nutrients unavailable to pests, causing nutritional imbalances [2] .
The most important allelochemicals found in wild tomato species are acyl sugars, sesquiterpenes and methyl ketones [28, [35] [36] [37] . Acyl sugars (AA), such as acylglycosis and acylsucrose, are found in S. pennellii [14, 36, 38, 39] and S. galapagense accession [40] leaf trichomes. Sesquiterpenes, mainly zingiberene (ZGB), are found in S. habrochaites var. hirsutum [35] accessions, while methyl ketone, 2-tridecanone (2-TD), is found in S. habrochaites var. glabratum accessions [28, [41] [42] [43] .
Leaf trichomes
The Solanum genus presents seven types of trichomes. Their classification is based on the length of the trichome, the presence or absence of the gland at the apical end and the number of cells that make up the gland, when present. Trichomes are classified into two types, nonglandular trichomes (II, III, V), which are quite similar to each other, differing only in length, and glandular trichomes (I, IV, VI, VII), capitated, with the head, in most cases acting as the allelochemical secretory region [44] .
Wild tomato accessions display an abundance of type I, IV and VI trichomes. In contrast, cultivated tomato display mostly type V trichomes, with the rare presence of types I and VI [33] . On the other hand, types I, IV and VI, due to the presence of allelochemicals, are considered to be of major importance in pest resistance (Figure 1) .
Trichomes, besides acting as chemical barriers, can also act as physical barriers, limiting pest insect and arachnid access to the plant surface, due to trichome density and length [37] .
Acylsugars
Acylsugars (AA) are glucose or sucrose esters containing acyl groups (Figure 2 ) present in type IV glandular trichomes [45] . In S. pennellii accession 'LA 716', the main AA is 2,3,4-tri-O-acyl-glucose. Its resistance character is presumably due to the fact that it confers a sticky appearance to leaf surfaces, which acts as a natural trap, avoiding pest insect oviposition, feeding or even causing deleterious effects on their development [13, 46, 47] .
Zingiberene
Zingiberene (ZGB) is another naturally occurring, biologically active allelochemical that confers pest insect and arachnid resistance to [48] . ZGB is a monocyclic sesquiterpene consisting of three isoprene units, with the molecular formula C 15 H 24 ( Figure 3) . ZGB is present in type IV and VI glandular trichomes, found in the wild species S. habrochaites var. hirsutum [22] . Accession 'PI-127826', rich in ZGB, is resistant to the mite T. urticae [49] , to the tomato moth [50] and to other pests [32] .
2-Tridecanone
The allelochemical 2-tridecanone (2-TD) (Figure 4 ) is a sticky liquid that both binds insects to the plant and accumulates in the insect labium, leading to difficulty in feeding [37] . 2-TD is found on the heads of type VI trichomes, mainly in accession 'PI134417', referring to var.
glabratum [51] . This insect-toxic substance is found at higher levels (72-fold) in glabratum compared to S. lycopersicum [52] .
Several studies have observed the association of pest resistance in S. habrochaites var. glabratum and the presence of the methyl ketone 2-TD [53] [54] [55] . 
Techniques used for introgression of pest-resistance genes
To initiate genetic breeding programs aiming at pest insect and arachnid resistance, it is necessary to work with the crop of economic interest and its main pests, in order to select resistance sources, determine the mechanisms/types of resistance involved and structure the program breeding. Regarding the latter, almost all breeding methods can be used, and the choice will depend on the reproduction mode of the plant and the type of gene action that conditions the characters attached to the resistance. Other important aspects should also be considered, such as the need for a large numbers of insects and arachnids for plant infestation/evaluation in replicate experiments, the need for representative pest occurrence conditions, trained personnel to perform the evaluations and method feasibility [56, 57] .
Tomato breeding programs aimed at obtaining pest-resistant cultivars have adopted the strategy of incorporating genes responsible for the production of glandular allelochemicals and/or trichomes [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] . This strategy has succeeded because the selection for high allelochemical content and, in some cases, glandular trichomes, has led to correlated responses regarding increased resistance to key tomato pests. Breeding programs have commonly performed the hybridization method between pest-resistant wild-type accessions and commercial crops of suitable agronomic value and highly productive traits, followed by backcrossing to the commercial S. lycopersicum cultivar ( Figure 5 ). This technique is promising with regard to obtaining lines displaying higher pest insect and arachnid resistance levels [38, 39, [58] [59] [60] [64] [65] [66] .
Resistance introgression with acylsugars
The first selection of pest-resistant plants in generations descended from interspecific crosses between S. lycopersicum and S. pennellii accession 'LA-716' (high AA content) took 
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into account morphological and physiological characteristics of plants to identify resistance [13, 68] . These authors also recommend that, for the efficient selection of tomato plants, it is necessary to expose the plants to the pest infestation, allowing for breeding in the quality of the initial evaluation and leading to selection of plants displaying much higher levels of resistance. When evaluating tomato F 2 genotypes selected for high AA content from interspecific crossbreeding S. lycopersicum x accession 'LA-716', high levels of resistance to whitefly were obtained, with a lower oviposition index and 100% of adults trapped in exudates [58] . Thus, resistance evaluations led to the detection of allelochemical efficiency regarding resistance of tomato breeding lines to mites, tomato moths [12] , whiteflies [64, 69] and western flower thrips (Frankliniella occidentalis) [69] . It was further verified that plants descendants of the crossing between 'LA716' and S. lycopersicum are resistant to aphids [13, 61] .
Experiments were performed with plants selected for high and low AA content in the F 2 population of the crossing between S. lycopersicum 'TOM-584' and accession 'LA-716' and the F 2 population of the first backcrossing for S. lycopersicum [59, 60, 69, 70] . These plants were submitted to T. evansi mite and whitefly and tomato moth repellency assays, alongside the parent plants, and positive AA effects on mite repellency and the control of other pests were observed. In an experiment with AA-rich tomato genotypes, an even lower oviposition rate of tomato moths and lower damage levels to the plants were observed when compared to genotypes with low allelochemical levels [24] .
When studying the inheritance of the AA content character of the 'LA716' accession, an estimate of 1.36 for the number of genes involved is obtained, suggesting a monogenic inheritance [39] . These authors observed a relatively high value for AA content heritability in the broad sense (0.48), indicating that much of the F 2 generation plant variations were genetic in nature. When evaluating AA content inheritance in other studies, the authors observed similar results [24, 71] . Normally, when measured directly, resistance heritability toward insect pests does not present high values, in contrast to what was observed for AA content (which is an indirect selection criterion). These characteristics are due to the difficulty of the environmental control of a direct resistance evaluation system that covers not only the plant and the environment, but also the pest [13] .
In the advances made by the breeding programs using the accession 'LA716' as a donor parent, it is verified that AA implies in a variety of interactions between the plant and the pests, including feeding deterrence and changes in pest reproductive potential [13, 68, 69, 70] . As a result of the efforts of breeding programs, tomato lines with high potential to resist pests were developed. The tomato line CU071026, containing high content of AA, was bred from S.
pennellii accession 'LA716' and contains five introgressions from 'LA716' [64] . In addition, the AA-rich lines TOM-687, TOM-688 and TOM-689 exist [12, 55] and pre-commercial hybrids obtained from an AA-rich tomato inbred line [72] .
Studies using S. galapagense as an AA source are more recent when compared to S. pennellii. As in S. pennellii, the presence of AA in S. galapagense is closely associated to the presence of type IV glandular trichomes [73] . These authors, when investigating the inheritance of type IV glandular trichome density and its association with whitefly resistance, identified high estimates for heritability, both broadly and in the narrow sense. They suggested that this character displays a relatively simple inheritance and that resistance is associated to a higher density of type IV glandular trichomes. The authors also identified molecular markers for two higher-effect quantitative trait loci from the S. galapagense accession 'LA1401' (one locus located on chromosome 2 and one on chromosome 3), associated to high density of type IV trichomes.
The S. galapagense 'PRI9500/PY-8027' accession has been noted as providing higher resistance levels to whitefly by non-preference mechanisms for oviposition and antibiosis [74] . These authors observed a high correlation between higher resistance levels and high density of type IV trichomes, which possibly produce AA and make leaves stickier.
When resistance to the Helicoverpa armigera caterpillar (Lepidoptera: Noctuidade) was evaluated in tomatoes obtained from the interspecific cross of S. lycopersicum × S. galapagense, the F 2 population genotypes, presenting a high density of type IV glandular trichomes, displayed higher resistance levels, both by antibiosis and antixose, than genotypes presenting low glandular trichome density [40] .
Zingiberene resistance introgression
Higher ZGB content is associated with higher resistance levels to mites in populations originating from the cross between S. lycopersicum and S. hirsutum var. hirsutum [22] . Proof of the effectiveness of ZGB regarding whitefly resistance were observed in F 2 generation genotypes of interspecific crosses between S. lycopersicum 'TOM-556' and S. habrochaites var. hirsutum accession 'PI-127826'. Plants containing high ZGB content presented higher resistance levels to pest insects than the commercial tomato S. lycopersicum 'TOM-556' (low ZGB content) [75] .
A positive genetic correlation between ZGB content and type IV, VI and VII trichome density for an interspecific intersection of S. lycopersicum x accession 'PI-127826' was observed [75] . In addition, that study also observed that ZGB content can be explained, in large part, by the action of a single main gene locus, where the var. hirsutum allele that conditions high ZGB content is recessive (incompletely) on the S. lycopersicum allele. However, the action of another epistatic locus for type IV and VI trichomes was also evidenced.
When investigating ZGB content inheritance in the interspecific intersection between S. lycopersicum and S. habrochaites var. hirsutum accession 'PI-127826', it was observed that leaf ZGB content is controlled by two genes with incomplete dominance in the sense of lower content, presenting greater heritability in the broad sense (81.9%) [26] . When evaluating the synergistic effect between high AA and ZGB leaf content, heterozygous genotypes were used for both characters [6] , and the authors observed that the fact that heterozygous double genotypes show the same behavior as the heterozygotes only for ZGB or AA indicates that, although allelochemicals act similarly on the resistance of these genotypes to whitefly, they do not present a synergistic effect in this case. However, in relation to the isolated presence of ZGB or AA, the simultaneous presence of ZGB and AA promoted an increase in the resistance level to tomato moths.
2-Tridecanone resistance introgression
The selection of tomato plants containing high 2-TD levels is effective as an indirect screening criterion for pest resistance [41] . However, these authors observed that 2-TD heritability regarding resistance to pest-arachnids in a segregating generation of the interspecific crossbreeding between S. lycopersicum and S. habrochaites var. glabratum (high 2-TD content) does not fit into a simple additive-dominant model, thus demonstrating a complexity not elucidated in the genetic control of character.
High 2-TD levels present in leaflets provide resistance to T. urticae and ludeni mite species [43] , and it is possible to induce an increase in the level of repellency to T. urticae from the backcrossing between S. lycopersicum and genotypes containing high 2-TD levels [76] . These authors have identified that mite repellency is related to the presence of higher type VI trichome densities, where 2-TD is concentrated.
When evaluating genotypes presenting different 2-TD leaf concentrations, results indicate that plants containing high 2-TD levels as compared to those with low content are less preferred for feeding and oviposition by the tomato moth [42] . In addition, high 2-TD content is an effective indirect resistance selection criterion when the relationship between 2-TD content in selected genotypes and resistance levels to tomato moth is evaluated [52] . The high 2-TD levels of the BC 2 F 4 generation are linked to non-preference oviposition and feeding type resistance mechanisms in tomato moths.
When comparing the degree of resistance to whitefly in tomato lines containing high levels of AA, ZGB and 2-TD, lines containing high 2-TD levels were as effective as those containing high AA and ZGB content [54] . Moreover, when evaluating resistance to aphids (M. persicae) in genotypes with different 2-TD, AA and ZGB levels in leaflets [55] , the authors observed that TOM-687 and TOM-688 (containing high AA content) and BPX-365G-899-07-04-02 and BPX-367E-238-02 (containing high 2-TD levels) both present antibiosis resistance. The allelochemical 2-TD also displays potential against T. vaporariorum [77] and other pest-arachnids.
S. peruvianum, S. pimpinellifolium, S. cheesmaniae and S. chmielewskii
Some S. pimpinellifolium [78] , S. cheesmanii, S. galapagense [33] , S. chmielewskii and S. chilense accessions also demonstrate pest resistance [51] . However, the reasons for the resistance of most of these species have not yet been well elucidated.
Allelochemical quantification techniques
It is necessary to emphasize that genetic tomato breeding programs regarding pests, in general, apply relatively inexpensive colorimetric methodologies to quantify allelochemical content in leaflets and, consequently, identify plants that display the greatest resistance. These techniques allow for acceleration of the selection process and for a large number of plants from a segregating population to be evaluated in a short time. On the contrary, if all the plants of a population were to be exposed to pests to measure resistance, the process would be very laborious.
An efficient methodology proposed by Resende et al. [38] , based on a rapid colorimetric method, allows for the nondestructive quantification of AA content in the leaflets of a large number of tomato plants. This reference methodology shows high potential for indirect genotype selection, because it presents low costs and facilitates the non-destructive selection of individual plants in segregating generations, and is currently being applied by several authors for tomato breeding regarding pests [14, 23, 24, 34, 60] . Moreover, this methodology stands out when compared to new AA content quantification methods in leaflets [79] .
Quantification of ZGB content in tomato plants by means of ZGB retention time obtained by gas chromatography and mass spectroscopy has been proposed [80] . However, these techniques do not allow for the evaluation of a high number of plants in a short period of time. Considering this, a rapid, low-cost spectrophotometric methodology was established for ZGB quantification in tomato leaves [81] . This method is now routinely applied in tomato breeding programs regarding pest insects and arachnids [22, 26, 82, 83] .
Regarding 2-TD, quantification can be performed through gas chromatography and high performance liquid chromatography [84] . As for ZGB, colorimetric quantification methodologies have been developed that, when compared to chromatographic techniques, allow for the evaluation of a greater number of plants in less time [41, 42, 85] . However, 2-TD quantification through colorimetry in the selection of resistant tomato plants has been shown to be a less efficient technique than those applied in the quantification of AA and ZGB due to the fact that 2-TD content is a more complex genetic inheritance.
Morphological and physiological characteristics can also be used for the selection of tomato plants presenting high allelochemical levels [68] . The main characteristic is the identification and quantification of foliar trichomes based on the quantification of the number of glandular and nonglandular trichomes in leaflets [37] . On the other hand, estimating resistance level regarding pests and associated allelochemicals based on morphological characteristics tends to be more laborious, allowing for the evaluation of a smaller number of plants when compared to colorimetric methodologies.
In general, regardless of the applied technique, it is necessary, at some point, to expose plants identified as containing high allelochemical levels to insect and/or arachnid infestations, in order to efficiently select pest-resistant tomatoes, which allows for confirmation if the selected genotypes actually display good resistance levels.
Current overview, challenges and prospects for pest-resistant tomato breeding
In recent years, major transformations in the breeding scenario for several crops have occurred, and this is currently the new reality [85] . In the last 15 years, science and technology investments have taken place that enable training of human resources in the area of plant biotechnology. Classical breeding is still imperative for the development of new cultivars, but new biotechnology techniques using molecular markers can accelerate the selection process. Regarding tomato pest-resistance, many specific molecular markers have not yet been developed. However, this technique may significantly aid in the selection process. Very useful markers have been developed for the identification of plants with high type IV glandular trichome density and high AA content in populations derived from crossings with S. galapagense 'LA1401' [73, 86] .
Relevant studies have identified quantitative trait loci (QTL) of S. pennellii that affect the AA chemistry [64] [65] [66] [87] [88] [89] . It was observed that some QTL alter the chemotype of AA accumulation in tomato lines descendants of the accession 'LA 716' [87] . It is considered that the addition of QTL that alter AA chemotype in tomato line could provide a means of generating AA with stronger resistance [90] .
The two main pest tomato breeding programs in the world are under the leaderships of Martha A. Mutschler and Wilson R. Maluf, respectively.
Mutschler is a professor in the Department of Plant Breeding, College of Agriculture and Life Sciences, Cornell University. The Cornell University tomato breeding program conducts important works in relation to the crossed S. pennellii accession 'LA716' with cultivated tomato to then derive tomato breeding lines with resistance to pests AA-mediated. As a result of these works, the benchmark AA breeding line was developed, CU071026, which produces ~15% of the AA levels of 'LA716' but with a different composition [64] [65] [66] 69] .
Dr. Maluf is a professor at the Department of Agriculture, Federal University of Lavras (UFLA), Brazil and a partner at Hortiagro Sementes SA, a company that maintains a mutual cooperation agreement with UFLA in the breeding and production of vegetable seeds research area. Their work resulted in the obtaining of tomato lines with high foliar levels of AA, ZGB and 2-TD and resistant to pests [6, 12, 55] .
The pest insect and arachnid breeding study, coordinated by Dr. Maluf, mainly applies colorimetric methodologies developed or adapted for the quantification of allelochemical content in leaflets and the selection of resistant strains, contributing to pest control and minimizing the intensive use of chemical insecticides in tomato crops. Following Dr. Maluf's legacy, Dr. Juliano Tadeu Vilela de Resende, a professor at the Department of Agronomy at the Central-West State University (UNICENTRO), Brazil, has also dedicated himself to improving tomato plants regarding pest resistance.
However, other than the research conducted by the Cornell University, UFLA and UNICENTRO research groups, few researchers have developed breeding aimed at obtaining new pest-resistant tomato cultivars. Considering these aspects, it is necessary to stimulate agronomy students to follow the career of the classic tomato pest-breeding, thus avoiding the extinction of committed professionals in this line of research, in a not so distant future.
Final considerations
In general, Solanum lycopersicum genotypes containing high levels of allelochemicals are promising in the context of advancements aiming at creating lines adequate for both table and processing and displaying pest insect and arachnid resistance. They represent a favorable condition for integrated pest management because they facilitate pest control, reducing the amount of chemicals applied to the crops and, simultaneously, contribute to decreased production costs. 
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